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Figure 2. Up-regulated genes in 10T1/2(4), AS4(B) and M1601

(C) cells. Total RNA was extracted independently from the micro-array

experiments and used to synthesize cDNA. The cDNA was subjected to real-time PCR with specific primers for Dk, Wnt-5a, ST2, Cripl and p15
(A), SCE, SDF-1 and adipogenic markers C/ EBP-8 and CXCL-1 (B), cardiac troponin T2 (C) and B -actin (D). The copy number was used to

compare the level of expression. The mean & SD from three independent reactions using the same ¢cDNA is shown.

we confirmed that the levels of transcripts for these genes
were elevated in 10T1/2 cells. We also confirmed the
up-regulation of CD90 in 10T'1/2 cells by flow cytomerry
(data not shown). Although the function of CD90 in MSC
is unclear, it may be useful for distinguishing immature
MSC from committed progenitors because CD90 was not
detected in the other two cell types. We analyzed the
expression of the Dik gene further, because D/ is known to
inhibit adipocyte and osteoblast differentiation [16].
Overexpression of human D/k in A54 cells by transduction

with a retroviral vector did not affect adipocyte differ-
entiation (Figure 3). Further experiments are required to
determine the function of the genes up-regulated in 10T1/
2 cells.

SCF and SDF-1 are up-regulated in pre-adipocyte
A54 cells

Previous studies have shown that pre-adipocytes have a
greater ability to support hematopotesis iz vitro than other
kinds of stromal cell components [24,25]. The results of
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Figure 3. Enforced Dik expression in A54 cells did not inbibit terminal differentintion into adipocyte. (A) GFP expression in AS4 cells transfected with
bDIk-IRES-EGFP. (B) Flow cytomerric analysis for expression of hDik in AS4 cells transfected with hDIk-IRES-EGFP. (C—E) Adipocyre
differentiation among parental A54 cells (C), A54 cells transfected with control IRES-EGEP (D) and A54 cells transfecred with bDlk-IRES-EGFP (E).

our gene expression profiling revealed that critical cyto-
kines for hematopoiesis, such as SCF and SDF-1, are up-
regulated in pre-adipocyte A54 cells. In addition, many
chemokines, such as CXCL-1 and CCL-7, were also up-
regulated (Table 1B). We performed real-ume PCR
analysis of SCF, SDF-1, CEBP-6 and CXCL-1. As shown
in Figure 2B, among the three cell lines the expression of
these genes was highest in AS54-cells. The level of Ang-1
mRNA in A54 cells was similar to that in OP9 cells (Figure
4A), which are a well-characterized BM stromal cell line.
Moreover, of the three cell lines, A54 was the only one
with which we could detect the expression of Ang-1
protein, and its level apparently decreased after adipocyte

differentiation (Figure 4B).

The ability of the three cell lines to support
formation of a cobblestone appearance

To examine the effects of these three lines on hematopote-
tic cells, we co-cultured them with a mouse hematopoietic

stem cell fraction. The experimental protocol is shown in
Figure 5A. The BM cells were depleted of lineage marker-
positive cells using the Auto-MACS magnetic beads
system. Thereafter Sca-1 " cells were selected. The result-
ing Lin( —)Sca-1(+). fractions were plated on 10T1/2,
AS54, or M1601 cells in 12-well dishes. After 6 days of co-
culture, a cobblestone appearance was observed only on the
AS54 cells (Figure 5B—D). These results suggest that, of the
three cell lines, only A54 cells have the ability to support
hematopoietic cell growth, which agrees with our previous
report [12]. We did not observe hematopoietic cell colonies
on the layer of the terminally differentiated A54 adipocytes
(Figure 5E), suggesting that pre-adipocyte A54 cells lose
the ability to support cobblestone formation after differ-
entiation into adipocytes.

To understand the molecular mechanisms underlying
this effect, we examined the levels of SCF, SDF-1 and Ang-

1 expression after adipocyte differentiation by real-time
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Figure 4. Ang-1 expression and down-regulation of SCE, SDF-1 and Ang-1 in AS4 cells after adipocyte differentintion. (4) The level of
Ang-1 mRNA in A54 cells was similar to that in OP9 cells, a well-characterized stromal cell line that supports the survival of hematopoietic stem
cells. (B) Western blot analysis of Ang-1 protein expression among 10T1/2, AS4, M1601 and AS54 cells differentiated into adipocytes. (C) The
changes in levels of SCE, SDF-1 and Ang-1 mRNA in A54 cells before and after adipocyte differentiation were monitored by real-time PCR.
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Figure 6. Proposed model for the hierarchy of the BM stromal system.
Schematic relationship among MSC, pre-adipocytes and myoblasts and
the up-regulated genes in each cell. The expression of CD90, Dik,
Wnt-5a and ST2 was wp-regulated in 10T1/2 cells. The up-
regulated genes in AS4 (SCE SDF-1, and Ang-1) were suppressed
after adipocyte differentiarion. The expression of o-actin, MyoD,
troponin C and troponin T2 was up-regulated in M1601 cells.

PCR. As shown in Figure 4C, the expression of these genes
decreased after the adipocyte differentiation.

Up-regulation of troponin T2 gene in M1601
cells

We confirmed that the expression of cardiac troponin 12
was up-regulated in M1601 cells (Figure 2C). Figure 2D
demonstrates that the level of P-actin expression in each

line was almost the same.

Discussion

In the current studies, we used 10T1/2 and two 10T1/2-
derived cell lines as models of MSC and progenitor cells.
The genes regulating MSC differentiation remain obscure.
Because primary MSC may contain heterogeneous pro-
genitors and because the extent of differentiation may vary,
it is difficult to use them for high-throughput analysis of
gene expression. Therefore, we chose these three cell lines
to avoid problems related to the heterogeneity of MSC; all
three cell lines had the same genetic background because
the A54 and M1601 cells were both derived from 10T'1/2
cells.

Up-regulation of D/ in 10T'1/2 cells was confirmed by
micro-array and RT real-time PCR. Although D/ has
been reported to inhibit adipocyte and osteoblast differ-
entiation [16], overexpression of D/ did not affect
adipocyte differentiation of A54 cells. This is not surpris-

ing because other factor(s) may also be required for the
inhibition of differentiation.

Whnt-5a is a member of the Wat family, which plays an
essential role in regulating proliferation and differentiation
[19]. Our GeneChip analysis demonstrated that War-Sa
was expressed in parental 10T1/2 cells and that the gene
expression of its receptor, Frizzled, was up-regulated in the
downstream progenitor cell line, A54. MSC may self-
regulate their differentiation or proliferation in the BM
through the Wnt-5a signaling system. The genes up-
regulated in the parental 10T1/2 cells, namely, D/k, Wat-
Sa, ST2, Crbpl, p15 and CDY0, may be worth investigaring
further to identify molecules important for maintaining
Stemness.

SCF and SDF-1 were exclusively up-regulated in A54
pre-adipocyte cells. This agreed with the ability of these
cells to support hematopoietic cell growth. Adipocyte
differentiation down-regulated the expression of these
genes and reduced the ability of the A54 cells to support
hematopoietic cell growth. These results indicate that pre-
adipocytes may be one of the committed progenitors that
participate in hematopoietic support and that the loss of
this ability after terminal adipocyte differentiation may be
involved in a fatty change of BM in aging or aplastic
anemia. Ang-1 has been reported to be essenual for the
self-renewal of hematopoietic stem cells and to be
expressed on osteoblasts in the BM niche [14]. Our results
suggested that both pre-adipocytes and osteoblasts in the
BM are Ang-1-producing cells. Pre-adipocytes appear to
be related to osteoblasts because they express the mRNA
for osteoblast-specific genes such as osteocalcin [26). This
suggests that there is a common molecular pathway in
osteoblast and pre-adipocyte differentiation. Also, TAZ
has been reported to be a key regulator of MSC
differentiation. This protein enhances the differentiation
of MSC into osteoblasts by activating Runx2 and sup-
presses the differentation into adipocytes by inhibiting
PPAR-vy [10].

We found that M1601 cells express cardiac muscle-specific
gene, suggesting a possible plasticity of MSC to differ-
entiate into cardiac muscle cells. In this study, we did not
analyze the up-regulated genes in M1601 further. Human
MSC differentiate into cardiac muscle cells iz vitro upon
treatment with 5-azacytidine and co-culture with primary
mouse cardiac muscle cells [27]. A recent study demon-
strated that allogenic MSC ameliorated cardiac function in
pig myocardial infarction and rac dilated cardiomyopathy
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models, suggesting that MSC have the potential to treat
myocardial infarction and cardiomyopathy [28,29].

In Figure 6, we show our hypothesis of lineage- and
stage-specific gene expression patterns in MSC and
committed progenitors. The characterization of the tran-
scriptional profiles should enhance the understanding of
the molecular mechanisms underlying the differentiation
of MSC into progenitors. Furthermore, we hypothesize
that each progenitor has a unique function in BM. Our
analysis has demonstrated a possible molecular mechanism
of hematopoietic support by pre-adipocytes, and we found

that pre-adipocyte progenitors may be betrer than

MSC for hematopoietic engraftment in BM transplanta-
tion. Finally, because MSC contains heterogeneous pro-
genitors and each committed progenitor has a different
function in BM, the three cell lines analyzed here could be
useful tools for characterizing the behavior and function of
MSC.
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Abstract

Mesenchymal stromal cells (MSCs) have been shown to have an immunosuppressive effect. Previously, we demonstrated that nitric
oxide (NO) is one of the immunomodulatory mediators of MSCs. We herein show that primary mouse bone marrow MSCs and three cell
lines that mimic MSCs suppress both differentiation and proliferation in Thl condition, whereas the suppression in Th2 condition is
mild. NO production is inversely correlated with T cell proliferation in Thl and Th2 conditions. NO is highly induced in Thl and min-
imally induced in Th2. Moreover, an inhibitor of NO synthase restores both proliferation and interferon-y (IFN-v) production in Thl
condition. Furthermore, an anti-IFN-y antibody strongly inhibits NO production and an inhibitor of NF-xB reduces the level of induc-
tion of inducible NO synthase (iNOS) in MSCs. Taken together, our results suggest that NO plays a significant role in the modification of

Thl and Th2 differentiation by MSCs, and that both IFN-y and NF-xB are critical for NO production by MSCs.

© 2007 Elsevier Inc. All rights reserved.

Keywords: Mesenchymal stem cells; Nitric oxide production; Interferon-y; NF-xB; Thl differentiation; Th2 differentiation; Immunosuppression; 10T1/2;

iNOS

Although many reports indicate that mesenchymal stro-
mal cells (MSCs) suppress T cell proliferation, the molecu-
lar mechanisms involved are poorly understood [1-6].
Human MSCs were reported to suppress Thl differentia-
tion and augment Th2 differentiation [4]. In this study,
we investigated whether mouse bone-marrow-derived
MSCs have the same effect on Thl and Th2 differentiation
while were also trying to identify the underlying molecular
mechanisms of these effects.

Naive helper T cells primarily differentiate into either
Thl or Th2 cells. Thl cells produce IFN-y and interleu-
kin-2 (IL-2) while Th2 cells produce 1L-4, IL-5, and IL-
13. In addition, it appears that a disruption of the balance

* Corresponding authors. Fax: +81 285 44 5258.
E-mail addresses: ozakikat@jichi.acjp (K. Ozaki), kozawa@ms2.
jichi.ac.jp (K. Ozawa).

0006-291X/S - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbre.2007.02.054

between Thl and Th2 differentiation is associated with the
development of immune diseases [7,8].

Previously, two sub-lines of the parental C3HI0T1/2
(10T1/2) cell line were established by treatment of that line
with 5-azacytidine. These were characterized as a preadipo-
cyte cell line and a myoblast cell line, and were designated
AS54 and M1601, respectively [9]. A54 and M1601 differen-
tiate into adipocyte and myotube under defined conditions
[9]. Other studies suggest that 10T1/2 cells have the same T
cell suppressive effect as primary MSCs [10]. In addition,
the 10T1/2 cell line has been used as a model of MSCs
[11-14]. In the present study, these three cell lines were used
as MSC-like cells and demonstrated that their phenotype is
similar to that of primary MSCs.

Nitric oxide (NO) is known to suppress T cell prolifera-
tion [15-18]. Previously, we demonstrated that NO is one
of the major mediators of T cell suppression by mouse
MSCs [19]. It is possible that NO also plays a critical role
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Then, cells were stained in FACS buffer (PBS supplemented with 10%
FBS) with appropriate concentrations of antibodies for 30 min on ice,
washed with FACS buffer, and analyzed with a BD LSR cytometer (BD
Biosciences), and the data were analyzed using CELLQUEST software
(BD Biosciences).

[PH|Thymidine incorporation, immunoblot analysis, detection of
inducible NO synthase (iNOS) expression. We performed these assays as
described previously [19].

Results
Effects of MSCs on Thl differentiation

Using primary MSCs and three MSC-like cell lines, the
effects of co-cultivation of MSCs on Thl and Th2 differen-
tiation were examined. Fig. 1A, left panel illustrates that
primary MSCs and the AS54 cell line strongly suppressed
proliferation in Thl condition. The 10T1/2 and M1601
cells also showed modest suppression. Consistent with this,
[H]thymidine incorporation demonstrated strong suppres-
sion of T cell proliferation in the presence of primary
MSCs and the A54 cell line and modest suppression in
the presence of the 10T1/2 and M1601 cell lines (Supple-
mentary Fig. 1A).

Simultaneously, the production of IFN-y in the presence
of MSCs was examined. In addition to the suppression of T
_cell proliferation, IFN-y production is also strongly sup-
pressed in the presence of primary MSCs and the A54 cell
line (Fig. 1A, right panel). This suppression was not due to
the suppressed number of T cells because the suppression
of IFN-y was also observed with an ELISA, in which an
equal number of differentiated cells were used (Supplemen-
tary Fig. 1C).

Effects of MSCs on Th2 differentiation

In contrast to Thi differentiation, a modest suppression
of Th2 cell proliferation was observed by a flow cytometric
analysis (Fig. 1B, left panel). Specifically, primary MSCs
and the A54 cell line showed significantly less suppression
compared to the suppression in Thl condition (Fig. 1B, left
panel vs. Fig. 1A, left panel). Consistent with this, [*Hthy-
midine incorporation assay demonstrated a less suppres-
sion of T cell proliferation in Th2 as compared to Thl in
the presence of primary MSCs and A54 cell line (Supple-
mentary Fig. 1B vs. 1A ). IL-4 production in the presence
of MSCs was suppressed in Th2 condition, as measured by
both flow cytometric analysis (Fig. 1B, right panel) and
ELISA, in which the same number of differentiated cells
were used (Supplementary Fig. 1D).

Nitric oxide production in Th1/Th2 differentiation

Since nitric oxide (NO) is one of the primary mediators
of T cell suppression by MSCs [19], it is possible that NO is
also involved in suppression of proliferation in Thi condi-
tion. We found a reverse correlation between NO produc-
tion and T cell proliferation in Thl/Th2 conditions

(Fig. 2A and B), where NO production was highly induced
in the presence of MSCs in Thl but it was induced only
minimally in Th2. In particular, primary MSCs and the
AS54 preadipocyte cell line, which induce strong T cell sup-
pression in Thl (Fig. 1A), produce high levels of NO in
Th1 condition (Fig. 2A). These results suggest that NO also
plays a major role in the preferential suppression of Thl
proliferation by MSCs.

Inhibition of NO synthase restores proliferation and
differentiation of Thl cells

To confirm the role of NO, a specific NO synthase inhib-
itor, NG-monomethyl-L-arginine (L-NMMA) was used.
The presence of this inhibitor restored the T cell prolifera-
tion and IFN-y production in Thl condition (Fig. 3A and
B), demonstrating that NO is a mediator of suppression of
both T cell growth and IFN-y production in Thi condition.
However, L-NMMA does not completely restore the T cell
proliferation by primary MSCs, suggesting that there are
other factors involving in this suppression, as demon-
strated in the previous study [19]. ’
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Fig. 2. NO production in Thl and Th2 conditions in the presence of
MSCs. (A) NO production in Thl condition in the presence of MSCs. (B)
NO production in Th2 condition in the presence of MSCs. Splenic CD4*
T cells {1 x 10% were stimulated in either Thl or Th2 condition in the
presence of 10T1/2, A54, M1601, and primary MSCs (1 x 10%) for 48 h.
The concentration of NO, in supernatants were determined by the Greiss
assay. NC, negative control; CD4™ T cells alone; PC, positive control;
CD4" T cells with mitogen and without MSCs.
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Fig. 3. A specific NO synthase inhibitor, .-NMMA, restores T cell proliferation and IFN-y production in Thl condition. (A) A simultaneous flow
cytometric analysis of T cell differentiation and proliferation in Thl condition as described in Fig. 1. CD4™ T celis (1 x 10%) were stimulated in Thl
condition in the presence of 10T1/2, A54, M1601, and primary MSCs (1 x 10%) with or without 1 mM L-NMMA for 48 h. The numbers indicated are
mean = SD of the percentage of cells in upper right quadrant. (B) [*H]Thymidine incorporation assay in the presence or absence of L-NMMA. CD4* T
cells (1 x 10°) were stimulated in Thl condition in the presence of 10T1/2, A54, M 1601, and primary MSCs (1 x 10%) with or without 1 mM L-NMMA for
48 h. [PH]Thymidine was pulsed for the last 6 h. 10T1/2, A54, M1601, and primary MSCs were pre-irradiated with 30 Gy to prevent [PH]thymidine
incorporation into MSCs. The percentage of proliferation is indicated compared to positive control, which is no MSCs. Shown are means = SD from three
independent experiments. NC, negative control; CD4* T cells alone; PC, positive control; CD4™ T cells with mitogen and without MSCs.

IFN-y and a factor that activates NF-xB are crucial for NO
production from MSCs in the absence of T cells

To determine what inhibits the production of NO in Th2
condition, the two differentiation factors that mediate the
Th2 pathway, anti-IFN-y antibody and 1L-4, were investi-
gated. It is possible one or both of these factors is respon-
sible for the minimum production of NO in Th2 condition.
As shown in Fig. 4A, anti-IFN-y antibody clearly inhibits
the production of NO, whereas suppression by IL-4 was
less evident. These results suggest that IFN-y is a key reg-
ulator of NO production by MSCs.

Interestingly, cell supernatant collected from activated
but not non-activated T cells had the ability to induce
NO by MSCs (Supplementary Fig. 2A). What signal(s)
are required for NO production by MSCs? As shown in
Fig. 4A, IFN-y is critical for NO production; however,
in a T cell-free environment, IFN-y alone does not induce
production of NO from primary MSCs (Fig. 4B, both
panels). IFN-y in combination with LPS, but not IL-2,
stimulates NO secretion from primary MSCs (Fig. 4B, left

panel and data not shown), suggesting that both the IFN-
v and the signal from Toll-like receptor-4 (TLR4) are
required for NO induction by MSCs. Could other TLR
ligands substitute for LPS? The addition of flagellin
induced NO production in combination with IFN-y
(Fig. 4B, left panel). While, synthetic double strand
RNA, poly(I:C), and CpG-oligonucleotide did not induce
NO (data not shown). Flagellin is a protein component of
bacteria known to induce NO production from macro-
phages via TLRS in the presence of either a TLR4 or
IFN-y signal [21,22]. In addition to these factors, IL-1B
and TNF-a induce NO when provided in combination
with IFN-y (Fig. 4B, right panel and Supplementary
Fig. 2B). As NF-xB is a downstream target of the signal-
ing cascades activated by LPS, flagellin, IL-18, and TNF-
o, we hypothesized that activation of NF-xB is required
for NO induction by MSCs. As shown in Fig. 4C, Bay
11-7085 [20], a specific inhibitor of NF-«B suppressed
production of inducible NO synthase (iNOS) in MSCs,
thus suggesting that NF-«xB is involved in NO production
by MSCs as well as IFN-v.
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Fig. 4. IFN-y and NF-kB are involved in NO production. (A) Anti-IFN-y antibody inhibits NO production. CD4" T cells {1 x 10°%) were stimulated with
anti-CD3/CD28 beads in the presence of primary MSCs (1 x 10%) without any differentiation factors. A neutralizing antibody against IFN-y (10 pg/ml),
IL-4 (100 ng/ml), and a combination of both were added. NC, negative control; CD4™ T cells alone; PC, positive control; CD4™ T cells with mitogen. (B)
LPS, flagellin, TNF-q, or IL-1B in a combination with IFN-y induces NO production from primary MSCs in a T cell-free system. The primary MSCs
(1 x 10%) were treated with the indicated stimuli without T cells for 48 h and NO concentrations of supernatants were determined by the Greiss assay. (C) A
NF-«B inhibitor, Bay11-7085, suppresses iNOS induction in MSCs. Unfractionated splenocytes (1 x 107) were stimulated with anti-CD3/CD28 beads for
48 h and put onto primary MSCs (1 x 106). After co-cultivation for 6 h, total RNA was harvested for RT-PCR and after 30 h, cell lysates were harvested
for immunoblot analysis. In advance of co-cultivation, primary MSCs were pre-treated for 30 min with the irreversible NF-xB inhibitor, Bay11-7085

(5 uM), and washed twice with PBS. Just before harvesting, T cells were washed out extensively with PBS.

Discussion

This study demonstrates that mouse primary MSCs
strongly suppress T cell proliferation and differentiation
in Thl condition, while the suppression in Th2 condition
is weak. Moreover, it provided the first evidence, that
NO production can elucidate the differential suppression
in Th1/Th2 differentiation. We found a higher NO produc-
tion in Thl in comparison to Th2. Furthermore,
L-NMMA, a specific inhibitor of NO synthases, restores
not only T cell proliferation but also IFN-y production
in Thl condition. In addition, the treatment with an anti-
IFN-vy antibody resulted in a low level of NO production,
suggesting that IFN-y is critical for NO production. While
the combination of IFN-y and a NF-kB activating factor
induces NO in a T cell-free system, and moreover, an inhib-
itor of NF-«xB diminishes the induction of iNOS in MSCs,

suggesting that NF-kB is also crucial for NO production by
MSCs.

The suppression of IFN-y production may be due to the
suppression of cell proliferation, since differentiation is
dependent upon cell division [23]. In fact, Fig. 1A, right
panel shows that only proliferating cells can produce
IFN-y. However, MSCs were shown to suppress IFN-y
production, regardless of cell division [2,19].

Primary human MSCs induced a fivefold increase in
IL-4 synthesis in Th2 condition [4], however, in this study,
primary mouse MSCs in the Th2 pathway suppressed pro-
duction of IL-4 as measured by intracellular staining and
ELISA. The discrepancy may be due to species-specific
difference. MSC-like cell lines also showed suppression in
IL-4 production.

Our results demonstrate that LPS, flagellin, TNF-o, and
IL-1B can induce NO from MSCs in a combination with
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IFN-v. These ligands are reported to induce NO from
monocytes or macrophages in the presence of IFN-y [24—
28]. Monocytes and macrophages have been assumed to
be prominent sources of NO. This implies, MSCs have sev-
eral features in common with monocytes and macrophages.
However, a combination of IFN-y with IL-2 [27], flagellin
alone [21], LPS alone [29], and IFN-y alone [27], which
induce NO from macrophages, do not induce NO from
MSCs under the conditions we tested here, suggesting that
MSCs also have features that make them different from
monocytes and macrophages.

What is the factor required for NO induction in combi-
nation with IFN-y? Cell supernatant from activated T cells
induces NO, thus suggesting that activated T cells produce
the NO inducer. Neither a soluble TNF-« receptor, a nat-
urally occurring decoy receptor, nor a neutralizing anti-
body against IL-1f diminished NO production (data not
shown). Our results do not define the factor from T cells
but they do suggest that the factor may be a ligand that
activates NF-xB in MSCs, such as LPS, flagellin, TNF-u
or IL-1B.

This study demonstrate that NO is responsible for the
preferential suppression of T cell proliferation in Thl con-
dition by MSCs, and that IFN-y and NF-kB are involved
in NO production in primary MSCs. This appears to be
the first study to elucidate the molecular mechanism for
preferential Thl suppression by MSCs. Therefore, these
results are considered to enhance the understanding and
imvestigation in this field.
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Nitric oxide plays a critical role in suppression of T-cell proliferation

by mesenchymal stem cells
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The molecular mechanisms by which
mesenchymal stem cells (MSCs) sup-
press T-cell proliferation are poorly under-
stood, and whether a soluble factor plays
a major role remains controversial. Here
we demonstrate that the T-cell-receptor
complex is not a target for the suppres-
sion, suggesting that downstream sig-
nals mediate the suppression. We found
that Stat5 phosphorylation in T cells is
suppressed in the presence of MSCs and
that nitric oxide (NO) is involved in the

suppression of Stat5 phosphorylation and
T-cell proliferation. The induction of induc-
ible NO synthase (NOS) was readily de-
tected in MSCs but not T cells, and a
specific inhibitor of NOS reversed the
suppression of Stat5 phosphorylation and
T-cell proliferation. This production of NO
in the presence of MSCs was mediated by
CD4 or CD8 T cells but not by CD19 B cells.
Furthermore, inhibitors of prostaglandin
synthase or NOS restored the prolifera-
tion of T cells, whereas an inhibitor of

indoleamine 2,3-dioxygenase and a trans-
forming growth factor-f—neutralizing
antibody had no effect. Finally, MSCs
from inducible NOS~'~ mice had a re-
duced ability to suppress T-cell prolifera-
tion. Taken together, these results sug-
gest that NO produced by MSCs is one of
the majdr mediators of T-cell suppression
by MSCs. (Blood. 2007;109:228-234)
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Introduction

Because mesenchymal stem cells (MSCs) differentiate into osteo-
cytes, chondrocytes, myotubes, and adipocytes,! they are ex-
pected to become a source of cells for regenerative therapy. Also,
MSCs support hematopoietic stem cell engraftment*® and modu-
late immunologic responses by unknown mechanisms.?!* Here, we
investigated the molecular mechanisms by which MSCs suppress
T-cell proliferation.

Transforming growth factor—3 (TGF-$), hepatocyte growth
factor, indoleamine 2,3-dioxygenase (IDO), and prostaglandin E2
(PGE,) have been reported to mediate T-cell suppression by
MSCs.!3-15 Specifically, neutralizing antibodies against TGF-3 or
hepatocyte growth factor,'® an inhibitor of IDO,'* or an inhibitor of
prostaglandin production reverse the inhibition of T-cell prolifera-
tion by MSCs." In addition, some reports have shown that a
soluble factor is the major mediator of suppression,'>!7 whereas
some reports have demonstrated that T-cell-MSC contact is
required for this suppression.'>#1617 In the current study, we
sought to resolve these conflicting results by using a mouse bone
marrow—derived MSC system.

One candidate soluble factor for T-cell suppression is nitric
oxide (NO) because it is known to inhibit T-cell proliferation.!8-23
NO is produced by NO synthases (NOSs), of which there are 3
subtypes: inducible NOS (iNOS), endothelial NGS, and neuronal
NOS. Like MSCs, it has been known that macrophages suppress
T-cell proliferation. This suppression was reported to be mediated
by NO inhibition of Stat5 phosphorylation.'3!® Also, MSCs were
reported to produce NO when they differentiate into chondro-
cytes.?6 We therefore investigated whether MSCs can produce NO

and whether NO is involved in their ability to suppress T-cell
proliferation.

Materials and methods

Materials

N-nitro-L-arginine methyl ester (L-NAME), indomethacin, and concanava-
lin A (Con A) were purchased from Wako (Osaka, Japan). Con A was used
at 5 pg/mL. Indomethacin was used at 5 pM. Phorbol 12-myristate
13-acetate (PMA) and ionomycin were from Sigma (St Louis, MO) and
were used at concentrations of 50 ng/mL and 1 pg/mL, respectively.
Antimouse CD3/CD28 beads (Dynal Biotech ASA, Oslo, Norway) were
used at 10 pL per 106 cells. The transwell system with 1-pm pores for
12-well dishes was from BD Falcon (Franklin Lakes, NJ). Monoclonal
antibodies for CD4, CD8, CD1lb, CD25, CD29, CD44, CD45, CD69,
Sca-1, B220, Gr-1, and interferon-y (IFN-y) were from BD Pharmingen
(San Diego, CA). An inhibitor of IDO, 1-methyl-DL-tryptophan (1-MT),
was purchased from Sigma. An antibody for TGF-$ was purchased from
Peprotech (Rocky Hill, NJ). Lipopolysaccharide was from Sigma.

MSCs

MSCs were obtained from wild-type or iNOS™~ C57BL/6 mice. Bone
marrow cells were harvested from femurs and ti